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ABSTRACT

Pressure pulsations inside the discharge manifold of rolling piston (rotary) type displacement compressors
are often a source of objectionable noise or vibration in room air conditioning units. Modeling of these pulsations
can lead to a better understanding of how they occur, support interpretation of experimental data, and be very
important to efficiently identifying ways to reduce them. Various methods are available for modeling the oscillation
of fluids inside machinery manifolds. In this paper, modeling of the internal acoustics inside the discharge manifold
of a rotary compressor is discussed for two popular linear acoustic methods: the transfer matrix method using 1-D,
continuous parameter acoustic elements; and the 3-D boundary element method. Results from the analyses are
compared with those measured in experiments.

INTRODUCTION

A past noise reduction effort on a rotary compressor identified sound radiation from the hermetic shell due to
internal discharge pulsations as the major contributor to noise levels at frequencies below approximately 2 kHz for
R-22. This fluid-borne noise problem was studied in more detail by evaluating the internal acoustic characteristics
of the muffler alone as well as with it included in the rest of the discharge flow path (manifold) using analytical
models supported by verification testing. The internal acoustics of the muffler and discharge manifold was modeled
using the transfer matrix method with one-dimensional (1-D), continuous parameter acoustic elements, and using
the three-dimensional (3-D) boundary element method (BEM). The following discussion describes some of the
modeling performed to evaluate and improve the acoustic characteristics of a rotary compressor discharge manifold.
DISCUSSION OF MODELING

A rotary type displacement compressor is shown in the
schematic drawing in Fig. 1 where major components and regions
of interest are labeled. The discharge manifold consists of the
internal space for fluid flow from the discharge port to the line
outlet tube. The discharge manifold was modeled using 1-D,
continuous parameter acoustic elements in the transfer matrix
method. As expected, this model does not account for many of the
acoustic resonances which occur inside the compressor shell space
due to the highly 3-D geometry. Consequently, a 3-D BEM model
was developed to enable prediction of these internal acoustic
resonances. In the following discussion, the 1-D and 3-D models
and the bench (top) test developed to study the muffler alone are
first described. Then, the 1-D and 3-D models of the entire
discharge manifold are discussed.

Discharge

1-D Model of Muffler
A 1-D model ofthe muffler alone was developed using the
transfer matrix method and linear acoustic theory[l-4]. In this
case, acoustic waves are modeled using 1-D, distributed parameter
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Fig. I: Schematic diagram of rotary compressor.

type acoustic elements. The 1-D model was also adapted to model
the air bench test setup for verifying this model. A schematic
drawing of the muffler assembled to the motor-end bearing is shown
in Fig.2, and the 1-D model for the muffler alone is shown in Fig. 3,
where the direction of 1-D acoustic waves are indicated by arrows.
The discharge port is indicated with a dashed line. Due to the
annular acoustic space inside the muffler around the motor-end
bearing hub, two parallel acoustic paths must be included in the 1-D
model. Each of the 1-D acoustic elements shown in Fig. 3 was
approximated by using the effective geometric parameters obtained
from the design drawings of the muffler and motor-end bearing
assembly. The effect of fluid inertia and energy loss for acoustic
particles exiting the outlet holes into the external acoustic space was
accounted for using radiation impedance elements[3] at these
locations.

CCW Outlet hole

Discharge port

Muffler

Fig. 2: Schematic drawing of muffler.

3-D Model of Muffler
A 3-D BEM model of the muffler alone was also created for
internal acoustic analysis. This model represents the surface of the
enclosed volume bounded by the muffler and motor-end bearing
assembly. The valve stop and region around the stop and discharge
port were also included in the modeL A unit volume velocity source
at the discharge port provided the excitation to the model. The outlet
holes in this BEM muffler model were open to the external acoustic
space. This is necessary because the muffler internal acoustic space
needs to interact with fluid inertia in the outlet holes, and with the
acoustic space immediately outside of the holes, in order to get the
correct results. Consequently, this model required use of the
indirect, variational BEM approach since it allows open sections in a
BEM model[5]. Field response points were located in the BEM
model at the microphone locations used in the bench test. Pressure
response at these field points due to the unit volume velocity
excitation allows the acoustic impedance to be determined as a
function of frequency, which was then compared with the bench test
impedance data.

Plane wave
directions

Discharge port

Fig. 3: Schematic diagram of muffler 1-D
model for bench test setup.

CCW Outlet hole

The top view of the BEM model mesh is shown in Fig. 4. The
mesh contained 726 eight-node quadrilateral elements with a total of
2209 nodes. The general guideline for BEM acoustic model mesh
CW Outlet hole
size is to use at least 5 - 6 linear type (four-node quadrilateral) or 2 ..l.
3 quadratic type (eight-node quadrilateral) elements per
wavelength[5). Thus, the maximum element size is dictated by the
Fig. 4: Top view of muffler BEM model
type of elements used and the maximum frequency desired for
mesh for bench test setup.
accurate results. For a maximum frequency of 4500Hz in air, the
minimum wavelength is approximately 3.0 inches (76.2mm). For the
than
eight-node (quadratic) elements used, this means the maximum dimension of any element should be less
it is
25.2mm,
ely
approximat
is
hub
bearing
approximately one inch (25.4mm). Since the diameter of the motor-end
air.
in
4500Hz
above
well
modes
acoustic
resolve
to
obvious from Fig. 4 that the mesh size should be small enough
Bench Test Experiment for Muffler
the
The rotary muffler alone was instrumented in a bench test experiment[1,6,7] as shown in Fig. 5 to verify
acoustic
the
of
nt
measureme
allow
to
computational acoustic models of the muffler. The test setup was constructed
with an
impedance characteristics inside the muffler in static, room temperature air. Piston motion was measured
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Muffler
accelerometer whose output acceleration was
converted to volume velocity by integration
and by multiplication with piston crossAdaptor block
sectional area. A probe microphone was
located at several points inside the muffler and
at the two outlet holes to measure the sound
pressure. Acoustic impedance transfer
functions were produced by dividing the
Shaker
microphone sound pressure response spectra
by the driving point piston volume velocity
spectra[1,6,7]. Each pair of microphone and
accelerometer data required to produce the
Fig. 5: Schematic diagram of muffler acoustic bench test setup.
impedance transfer functions were acquired
concurrently using a two-channel spectrum analyzer.

Comparison Of Measured & Predicted Muffler Results
0

Results from the 1-D and 3-D models and the
bench test for the muffler alone are compared in Table I
and Figs. 6 and 7. The 1-D and 3-D models clearly
yielded four acoustic modes for the muffler that compare
well with the bench test data. Schematic drawings of
these four modes are shown in Fig. 8 along with the
measured modal frequencies. Comparison of acoustic
impedance spectra in Figs. 6 and 7 are for response at the
discharge port and the CCW hole (counter-clockwise
from discharge port in top view of muffler), respectively.
In general, the comparisons are very good.
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Table 1: Comparison of predicted & measured muffler
modal f r!!quenc1es £or benc h test set~.

Mode

1-D Model

3-D Model

Measured

(N=)

.(Hz)

_(Hz)

_(Hz)

1
2
3
4

1170
2185
2995
4200

1070
2200
3320
4150

950
2125
3185
3945
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Fig. 6: Acoustic impedance at tlle discharge port from
the models and the muffler bench test.
0
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The acoustic modes shown in Fig. 8 appear to be
chamber modes with the first mode (N=l) involving the
whole muffler volume; the second mode (N=2) dividing
the muffler in half along a line passing through the bolt
recess restrictions adjacent to the outlet holes; the third
mode (N=3) also divides the muffler in half, but rotated
one chamber from the second mode; and the fourth mode
(N=4) which has adjacent chambers in opposite phase.
The chambers are created by each of the restricted
passages inside the muffler. The phasing shown in Fig.
8 uses tlle response at the discharge port as the positive
reference. These type of acoustic modes in the rotary
muffler are consistant with previous studies[8].
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Fig. 7: Acoustic impedance at the CCW hole from the
models and the muffler bench test.

The convention for 3-D modes in cylindrical coordinate systems[3,9] can be used to describe the muffler
modes in Fig. 8: i is the mode index in the axial direction,j is the mode index in the circumferential direction, and k
is the mode index in the radial direction. Since the dimensions inside this muffler in tlle axial and radial directions
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(9) direction produces
are too small to produce modes in the frequency range of interest, only the circumferential
for the entire internal
mode
resonator
z
modes as shown in Fig. 8. TheN= 1 muffler mode is simply the Helmholt
volume of the muffler.

First Mode

Second Mode

Third Mode

Fourth Mode

N=l

N=2

N=3

N=4

i,j,k = 0,2,0
i,j,k = 0, 1,0
i,j,k = 0, 1,0
i,j,k = 0,0,0
Bench test
3945Hz,
test
Bench
3185Hz,
test
2125Hz, Bench
950Hz, Bench test
phase
negative
with
chambers
s
represent
Shading
setup.
test
Fig. 8: The first four modes of the muffler in bench
relative to the discharge port.

1-D Model of Entire Manifold

""

A 1-D model ofthe entire discharge flow path inside the
rotary compressor was developed for internal acoustic analysis.
This model included the same 1-D model of the muffler alone
described above. This 1-D model of the entire discharge manifold
actually is a combination of both 1-D, continuous parameter and
lumped parameter type acoustic elements[1-4]. A schematic
drawing of the 1-D model for the entire discharge flow path inside
the rotary compressor is shown in Fig. 9. The lower and upper shell
spaces (below and above motor, respectively) were modeled as
lumped volumes for this approach. Consequently, acoustic response
is assumed uniform in these shell spaces, and the 3-D acoustic
modes which occur there are not predicted. Internal acoustic models
of the entire rotary discharge manifold that are completely of the
lumped paramete r type can be found in the literature[lO]. The
discharge fluid used in the model of the entire discharge flow path
was R-22, at the discharge conditions of an instrumented test
compressor. Results from this 1-D model are compared to those
from the 3-D BEM model below.

3-D Model of Entire Manifold

Anechoic termination

Outlet line
(1·0 element)

Upper shell volume
(lumped volume element)

Fig. 9: Schematic diagram of l·D model for
discharge manifold in rotary compressor.

A 3·D BEM model of the entire discharge flow path inside
the rotary compress or was also created for internal acoustic analysis.
ntly, the same
This model included the same 3-D BEM model of the muffler alone described above. Conseque
approach models
BEM
l
single layer of BEM elements were again used for the muffler since the indirect, variationa
were open
muffler
the
in
the acoustic domain on both sides of the elements. In the bench test setup, the outlet holes
The
motor.
the
below
to the external acoustic free space; here these holes open into the internal shell space
exposed to discharge fluid.
remainder of the BEM mesh consisted of the inner surfaces of the compressor which are
d bearing, and
motor-en
These surfaces include the shell, motor stator, motor rotor, oil sump, and the cylinder,
as above. A
included
also
were
muffler assembly. The valve stop and region around the stop and discharge ·port
model.
the
to
unit volume velocity source at the discharge port again provided the excitation

nodes. A
The model was created using 3488 four-node quadrilateral elements, giving a total of 2453
in R·22, the
2250Hz
of
perspective view of the top of the mesh is shown in Fig. 10. For a maximum frequency
size
mesh
BEM
for
minimum wavelength is approximately 3.1 inches (78.7mm). Using the same guideline
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described above, but now for the four-node (linear) elements used
here, the maximum dimension of any element should be less than
approximately 0.5 inch (12.7mm). Again referring to the hole
normally occupied by the motor-end bearing hub (approximately
25.2mm in diameter), it can be seen in Fig. 10 that the mesh size
should be small enough to resolve acoustic modes at frequencies up
to approximately 2250Hz in R-22.
The acoustic impedance spectra predicted by the 1-D and 3-D
models of the entire discharge flow path inside the rotary
compressor are shown in Figs. 11 - 13 for response at the discharge
port, CCW outlet hole, and inside the upper shell volume,
respectively. These impedance spectra show that, besides the
muffler modes described above, additional modes are predicted due
to acoustic resonances associated with the rest of the discharge path.
Resonances at very low frequencies are due to lumped parameter
type resonances pro-duced by the shell volumes and connecting
passages. Both the 1-D and 3-D models predict a Y2 wavelength
type mode (such as for an open-open tube) to occur at II 00 Hz in
the motor slots between the lower and upper shell volumes. In
addition, a number of resonances are predicted to occur due to
higher order, 3-D acoustic modes inside the shell volumes. There
also appears to be coupled acoustic modes between the muffler
modes and the 3-D modes inside the shell volumes. A typical 3-D
mode is shown in Fig. 14 where the acoustic impedance distribution
is plotted in a response plane through the middle of the muffler and
lower shell volume, and shows the 1'' diametrical mode in the lower
shell space, predicted to occur at approximately 740Hz. Another
example of a classic 3-D acoustic mode is seen in Fig. 15 where
response in a plane through the middle of the upper shell space
shows the 151 diametrical mode is predicted to occur here at 925 Hz.
These classic type of higher order acoustic modes inside the rotary
compressor have been shown in previous studies[&].
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Fig. 10: Perspective view of BEM model
mesh of discharge manifold.
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Fig. 11: Comparison of predicted acoustic
impedance at discharge port inside muffler
in rotary compressor.
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Fig. 14: 151 acoustic mode inside lower shell volume of rotary
compressor at 740Hz predicted by BEM model.
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Fig. 12: Comparison of predicted acoustic
impedance at CCW outlet hole of muffler in
rortary compressor.
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Fig. 13: Comparis on of predicted acoustic
impedance in upper shell volume of rotary
compressor.
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Fig; 15: I acoustic mode inside upper shell volume of rotary
compressor at 925 Hz predicted by BEM model.

CONCLUSIONS
displacement
Modeling of the acoustic characteristics inside the discharge manifold of a rotary type
interpretation
supported
behavior,
pulsation
pressure
of
ding
understan
compressor was performe d which improved
of experimental data, and produced effective tools for use in reducing pulsations.
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